Single pulse anodizing of aluminium micro-electrode has been employed to study the behaviour of dielectric breakdown and subsequent oxide formation on aluminium in alkaline silicate and pentaborate electrolytes. Current transients during applying pulse voltage have been measured, and surface has been observed by scanning electron microscopy. Two types of current transients are observed, depending on the electrolyte and applied voltage. There is a good correlation between the current transient behaviour and the shape of discharge channels. In alkaline silicate electrolyte, circular open pores are healed by increasing the pulse width, but such healing is not obvious in pentaborate electrolyte.
Introduction
Plasma electrolytic oxidation (PEO), often also referred to as micro-arc oxidation (MAO), spark anodizing and micro-plasma oxidation, has attracted recent attention as a surface engineering process of light metals (Al, Mg and Ti) and their alloys to form ceramic coatings [1] [2] [3] [4] . The coatings can range from tens to hundreds of micrometres in thickness, and their improved thermo-mechanical properties, corrosion resistance and wear resistance [1, [5] [6] [7] [8] [9] are partly associated with the formation of high-temperature oxide phases, such as -Al 2 O 3 , during PEO processing. The process involves a large number of short-lived microdischarges, caused by dielectric breakdown of oxide coatings at high voltages. Rapid heating and cooling of the coatings by microdischarges form such highly crystalline, hightemperature phases. The microdischarges clearly play an important role in growth of PEO coatings [10] . They create characteristic discharge channels on the coating surface, with the channels becoming usually larger with the time of PEO treatment. Thus, large discharge pores of >10 m in diameter, connecting from the oxide surface to the inner coating close to the metal/film interface, are often found in the PEO coatings.
Optical characterization of individual discharges has been carried out recently using video recording. Yerokhin et al. estimated from video imaging of 50 Hz AC PEO of aluminium that the microdischarge current density is as high as 18-50 kA m -2 and the durations of individual microdischarges are 0.25-3.0 ms [11] . Mécuson et al. recorded the discharge behaviour using fast CCD camera imaging with a time resolution of 2ms [12] .
Voltage-dependent lifetime of microdischarges from ~47 ms at 300 V to ~335 ms at 470 V has also been reported during galvanostatic DC PEO of titanium [13] . However, Arrabal et al. revealed recently much shorter lifetimes in the range of 0.05-4 ms during AC PEO of magnesium alloys [14] .
Relatively large discharge open channels, connecting to an inner region close to the metal/film interface, are undesirable in terms of corrosion protection and wear resistance. It has been recently reported that relatively thick intermediate layer with low porosity is formed between an inner barrier layer and an outer loose layer containing large cavities and pores under selected PEO conditions [8, 9, 12, [15] [16] [17] [18] . The formation of the intermediate layer is correlated with so called "soft" sparking, which is characterized by a change in the optical emission spectra, reduction in the size of microdischarges and reduction in acoustic noise [16, 19] . The importance of cathodic to anodic current ratio is reported to facilitate the formation of less porous intermediate layer [16] . In addition, to our knowledge, such intermediate layer in PEO coatings on aluminium is only formed in alkaline silicate electrolytes. It is also well known that the morphologies, phases and compositions of the PEO coatings are largely dependent upon electrolytes used [20] .
In the present study, the influence of electrolyte on the dielectric breakdown and subsequent healing of anodic oxide films on aluminium during single pulse anodizing has been examined. The behaviour in alkaline silicate electrolyte has been compared with that in ammonium pentaborate electrolyte through the measurements of current transients during single pulse anodizing and observations of resultant surfaces. Microdischarges caused by dielectric breakdown are local events. Thus, a microelectrode of aluminium has been used in this study. This reduces the number of discharge events on entire surface, assisting more readily analysis of the breakdown behaviour.
Experimental
Highly pure aluminium wire (99.99%, Nilaco Corporation, Tokyo) of 0.2 mm diameter was first anodized up to 450 V in 0.01 mol dm -3 ammonium pentaborate electrolyte to cover the entire metal surface by a thick anodic oxide film. Then, the wire was embedded in resin. The embedded aluminium wire was sectioned by ultramicrotomy technique (RMC, MT-7) using a glass knife to expose clean and relatively flat surface.
Two electrolytes, shown in Then, an abrupt current increase occurs between 356-363 V, due to dielectric breakdown of anodic oxide films. After showing a current peak, the current decreases exponentially both in the electrolytes. An interesting fact is that the current density after dielectric breakdown becomes lower than that before breakdown in pentaborate electrolyte, suggesting that more resistive oxide is formed by dielectric breakdown in this electrolyte. The lower current density also suggests that the dielectric breakdown stops completely within 0.3 s.
Additional breakdown did not occur up to 366 V, at which the voltage sweep was terminated. In contrast, the current density higher than that before breakdown flows after breakdown for more than 1 s, probably suggesting continuous breakdown of anodic oxide in alkaline silicate electrolyte.
The surface morphologies after breakdown in alkaline silicate and pentaborate electrolytes ( The oxide surface is rough and the oxide film contains numbers of discharge pores with sizes of ~1 m or less (Fig. 2c) . Fine particles on the surface are probably precipitates derived from silicate in electrolyte.
Breakdown in pentaborate electrolyte produces a countable number of isolated discharge channels in the anodic oxide film (Fig. 2d ). There are also surface regions where no discharge pores are present. The circular open discharge channels are generally 1-2 m in size and they are surrounded by a band of evidently thicker film material, ~500 nm wide, with multi-branched ridges being developed further in their surrounding area (Fig. 2e ).
These features of breakdown surface in pentaborate electrolyte are similar to those reported previously [21] .
For further detailed understanding of the dielectric breakdown of anodic alumina, single pulse voltage was applied for 30 ms. After anodizing at 350 V in alkaline silicate electrolyte, to which no dielectric breakdown occurs, a pulse voltage in a range of 390 to 420 V has been applied and current transients during applying pulse have been measured (Fig. 3a) . A current peak, observed within 2 ms, increases with an increase in pulse voltage.
Then, the current decreases sharply and a nearly constant current of several A cm There is a good correlation between current transients and morphology of discharge channels. In alkaline silicate electrolyte, in which current decreases sharply within 5 ms, groove-like discharge channels are mainly found on the surface after pulse anodizing for 30 ms, regardless of applied pulse voltage (Figs. 4a and 4b) . Similar groove-like discharge channels are developed at 420 V in pentaborate electrolyte, in which the current transient is similar to those in alkaline silicate electrolyte. When the current decreases linearly with time during applying pulse voltage, many circular open discharge channels are developed, as shown in Fig. 4d as an example.
The surface morphology is also slightly dependent upon pulse width. Fig. 5a shows the surface SEM image of the specimen after applying a pulse of 420 V for 2 ms in alkaline silicate electrolyte. When the shorter pulse of 2 ms is applied, circular discharge channels with open pores are found in addition to the groove-like channels, although the former morphology is not clearly seen after pulse anodizing for 30 ms. This specimen was immersed in a mixed solution of chromic acid and phosphoric acid at an elevated temperature to strip the oxide film and to see the morphology of metal surface beneath the oxide film (Fig. 5b) . Many recessions are found on the metal surface, being formed to heal an oxide film after destructive breakdown events. Dielectric breakdown should occur at all recession sites, since it is unlikely that recessions are formed during uniform growth of barrier-type anodic oxide films. However, open discharge pores, indicated by arrows, are found on parts of recessions, suggesting that some discharge pores are healed during pulse anodizing. Oxides formed at groove-like discharge channels are remained after chemical dissolution, as clearly seen from EDS imaging of aluminium (Fig. 5c ) and oxygen (Fig. 5d ).
Temperature may increase markedly at the groove-like discharge channel regions, transforming amorphous alumina to crystalline one that usually has higher chemical stability.
Healing of open discharge pores appears to proceed further by increasing pulse width. Fig. 6 shows the surface SEM images of aluminium after pulse anodizing at 420 V for 2 ms (Figs.6a, b ) and 30 ms (Figs. 6c, d ). At both pulse widths, numbers of recessions of ~ 1m in size are found on the metal surface (Figs. 6b, d ), while the number of obvious open discharge pores on the oxide surface is higher at shorter pulse width. Healing may proceeds by repeating discharge events. Partly-overlapped recessions found on metal surface (Fig. 5b) are one of the evidences for repeated discharge events even within a pulse width of 2 ms. Fig. 7 shows a region where groove-like discharge channel is developed. The metal surface beneath the groove-like discharge channel is disclosed by chance due to chemical dissolution of oxide in a mixed solution of chromic acid and phosphoric acid (Fig. 7b) .
Many overlapped recessions are found in the region, and this feature of the metal surface where the groove-like discharge channel is developed, implies that highly repeated discharges develop groove-like discharges. In the groove-like discharge regions, relatively thin oxide layers are formed after pulse anodizing for 10 ms as illustrated in Fig. 8a . The lower concentration of oxygen (Fig. 8c ) and higher concentration of aluminium ( In PEO of aluminium in alkaline silicate electrolyte, less porous and relatively uniform oxide layer can be formed after transition to "soft" sparking [8, 9, 12, [15] [16] [17] [18] . The present study reveals that healing open discharge pores occurs more readily during single pulse anodizing in alkaline silicate electrolyte, while such healing is not observed in ammonium pentaborate electrolyte. It is likely that soft sparking in PEO process in alkaline silicate electrolyte is associated with such healing behaviour in alkaline silicate electrolyte. 2) Main shapes of characteristic discharge channels developed single pulse anodizing are correlated with the current transients. Isolated circular discharge channels are developed when the current decreases linearly during applying pulse. In contrast, groove-like discharge channels are formed mainly in addition to circular discharge channels when the current decreases rapidly with initial 5 ms.
3) In alkaline silicate electrolyte, healing of circular discharge pores and thickening of an oxide layer within groove-like discharge channels proceed as the pulse width increases.
Healing of discharge open pores dies not occur in ammonium pentaborate electrolyte. 
